The spiral component of blood flow has both beneficial and detrimental effects in human circulatory system (Stonebridge and Brophy [1]). We investigate the effects of the spiral blood flow in a model of three-dimensional arterial stenosis with a 75% cross-sectional area reduction at the centre by means of computational fluid dynamics (CFD) techniques. The standard k-ω model is employed for simulation of the blood flow for the Reynolds number of 500 and 1000. We find that for Re=500 the spiral component of the blood flow increases both the total pressure and velocity of the blood, and some significant differences are found between the wall shear stresses of the spiral and non-spiral induced flow downstream of the stenosis. The turbulent kinetic energy is reduced by the spiral flow as it induces the rotational stabilities in the forward flow. For Re=1000 the tangential component of the blood velocity is most influenced by the spiral speed, but the effect of the spiral flow on the centreline turbulent kinetic energy and shear stress is mild. The results of the effects of the spiral flow are discussed in the paper along with the relevant pathological issues.
Introduction
The hemodynamics in blood vessels of human circulatory system is often associated with the pathophysiology of cardiovascular diseases. Therefore, a thorough understanding of blood dynamics in human vessels is of great interest, as it is well known that the flow pattern interacts directly with the vessel walls and, thus, can cause both beneficial and detrimental effect on its endothelium (type of cells that cover blood vessels) walls (Friedman et al. [2] and Ku et al [3] ). A deep knowledge of blood-flow patterns is essential to identify relationships between the patterns and the diseases that form on arteries and vein branches, therefore, the study of physiological blood flow is quite important and nowadays the computational simulation is playing a significant role in this field.
Numerous computational and experimental studies have been performed to model and investigate the blood flow in arterial stenosis, see the papers of Ahmed and Giddens [4] , Ghalichi et al. [5] , Lee et al. [6] , Paul et al. [7] and Sarifuddin et al. [8] , and the relevant references therein. In [4] the effects of various percentages of axisymmetric stenosis on the velocity field in the post-stenosis zone were investigated by using laser Doppler anemometry and flow visualisation techniques. In the experiment, the flow at the upstream was kept steady and the Reynolds numbers within the range of 500 to 2000 were considered in the study. The k-ω turbulent model was applied by Ghalichi et al. [5] to study the blood flow in the same stenosed model of artery as in [4] . Their results show that the k-ω model performs better than the standard k-ε model in terms of predicting the pressure and turbulence intensity of the blood flow. The results presented in Lee et al. [6] , who investigated the turbulent flow through a series of axisymmetric stenosis by imposing a steady parabolic profile at the upstream, also suggest that the k-ω model is good enough in the prediction of the laminar as 3 well as turbulent flow in the stenosed vessel. However, the limitation of the k-ω model in the modelling of transient blood flow through the stenosis is highlighted in Paul et al. [7] who used the Large Eddy Simulation technique in their model. The smooth constriction, which was generated using the cosine relation of [4] , gives a fairly accurate representation of an arterial stenosis. But the recent numerical paper of Sarifuddin et al. [8] shows that the poststenotic results are largely influenced by the choice of the stenosis used in the model. Three different shapes of the stenosis such as cosine form, irregular shape and smooth are considered in [8] and the blood flow through them is investigated numerically prescribing a parabolic profile of the streamwise velocity at the inlet.
It is evident from the in-vivo research of Stonebridge and Brophy [1] and Stonebridge et al. [9] that the blood flow through artery is spiral type because of the twisting of heart on its own axis. So the previous in-vitro models [4] [5] [6] [7] [8] do not represent truly the blood flow patterns at the inlet of artery. This spiral component of blood velocity can have both beneficial and detrimental effects according to Stonebridge and Brophy [1] . Even though all these effects are not yet well understood, it is sure that the spiral component in the blood flow has to be studied for better comprehension of the blood flow in the circulatory system. Moreover, Stonebridge et al. [10] concluded that the spiral blood flow can not only reduce the laterally directed forces and turbulence caused by stenosis but also induce stability over non-spiral flow that prevents disturbance of normal blood flow pattern in a stenosed vessel. To the authors' knowledge, this is the only published paper [10] which looked into the non-spiral and spiral flows in stenosis by using magnetic resonance imagining (MRI) and computational fluid dynamics (CFD, Star-CD commercial package). A constant streamwise velocity with a rotational speed (1/6 th of the streamwise velocity) was used at the inlet of the model and the effect of spiral flow was In the present paper, our aim is to investigate the spiral blood flow in a model of stenosed artery with 75% constriction by means of computational fluid dynamics (CFD) techniques. In particular, we focus on how the spiral nature of the flow profile, that is prescribed along with the parabolic streamwise velocity at the inlet of the model, affects the important results such as blood pressure, velocity, wall shear stresses and turbulence at the downstream of the stenosis. In the simulation, the standard k-ω model of Wilcox [11] is employed for the Reynolds number of 500 and 1000. The formulations of the model with boundary conditions and the numerical techniques used are summarised in Sections 2 and 3 respectively. This is followed by the results and discussion in Section 4, and a general conclusion of the work is drawn in Section 5.
Problem formulations
The stenosis in the blood vessel shown in Fig. 1(a) is created using the following cosine-form formula [4] ,
where R and D are the radius and diameter of the unstenosed vessel respectively; and r and Z are the radial and axial coordinates. The parameter, δ c , that controls the percentage of the stenosis is fixed to 0.25, giving a 75% reduction of the cross-sectional area at the centre of the stenosis. The smooth reduction of the cross-sectional area generated inside the vessel using the relation (1) provides a fairly accurate representation of a biological form of arterial stenosis [4] . The total length of model is taken as 540mm (27D) where diameter D=20mm 5 [4] . The length of the stenosed zone is 2D=40mm, and 21D and 4D are the downstream and upstream length respectively from the stenosis. In Fig. 1(b) , the spiral boundary condition along with the parabolic flow used at the inlet of the model is illustrated.
We assume that the blood flow through the model is incompressible and the blood is a
Newtonian and homogeneous fluid ( [12] ) with a density of ρ=1060 kg/m 3 and a constant dynamic viscosity of µ=3.71·10 
where u i are the mean velocity components along the Cartesian co-ordinate systems, x i =(x, y, z), p is the pressure and τ ij are the Reynolds stresses which are modelled employing the Boussinesq hypothesis as
where i u′ are the fluctuating velocity components;
is the turbulent kinetic energy and µ t is the turbulent viscosity obtained by employing the standard k-ω model of Wilcox [11] . The details of this turbulent model can be found in [11, 13] . 
where V is the bulk streamwise velocity related to the Reynolds number, µ ρVD = Re , of the blood flow, has been imposed at the inlet of the model; and to investigate the effects of the spiral laminar flow in the stenosed vessel a number of different spiral or rotational velocities have been applied. The spiral velocity (Ω) has been defined as a fraction of the forward velocity within the vessel, which has been calculated using the following relation:
where C is a constant that controls the magnitude of the spiral speed. The value of the constant C in real blood flow usually takes 6 1 as mentioned in [10, 11] . However, in the computation, we have used some other values of C which are higher or lower than 6 1 in order to compare the results at the different spiral velocities. Table 1 shows the values of the spiral speed for Re=500 and 1000 obtained by using the different values of C and applied in the simulation. In addition, the outlet of the model has been treated as a pressure outlet using the default setting for the gauge pressure to become zero at the outlet, Fluent [13].
3 Overview of the numerical methods 7 Fluent [13] uses the finite volume method to discretise the governing equations (2, 3) forming a system of algebraic equations which has been solved by using an iterative process. The SIMPLE method of Patankar [14] is triggered to couple the velocity with pressure. In the discretisation process, the second order upwind scheme is used for the equations of momentum, turbulent kinetic energy (k) and specific dissipation rate (ω); while the second order accurate scheme is used for the Poisson-like pressure equation.
The pressure based implicit solver is chosen to solve the discretised algebraic equations increases. No substantial effect of the spiral flow on the radial and axial components of the velocity is found for Re=1000, but the results for Re=500 show some levels of variation in the radial and axial velocities at the centre. In particular, the axial velocity increases with the 9 spiral speed within the downstream region between 0.1m and 0.2m, while the peak in the radial velocity drops as Ω increases. The contour plot in Fig. 6 provides further information on how the magnitude of the tangential velocity in the mid-plane of the stenosed artery is affected by the spiral speed. As the spiral speed increases, the tangential velocity at the downstream of the stenosis increases, and particularly, the effect is higher for Re=1000 compared to Re=500.
The wall shear stresses, which were recorded at the four different phases for Re=500, have been presented in Fig. 7 to show how they are influenced by the spiral flow. Note that in order to get the phases two perpendicular planes along the model's x and y axes were first defined and the shear stresses at the four intersected points of these two planes with the arterial wall were then calculated, a schematic showing the phases is given in Fig. 7 . Some interesting but rather complex patterns of the shear stress are predicted in the wall due to the spiral effect on the blood flow, and clearly the two large peaks, which are found at the downstream of the stenosis, depend on both the spiral speeds and the phases. In addition, the comparisons of the results of the wall shear stress between the non-spiral for which Ω=0 and the various spiral speeds show some distinct features at the downstream of the stenosis particularly within the region of 0 < Z(m) < 0.25. The second peak at phases 2 and 3 for the spiral flow is always greater than the non-spiral case, while it is slightly lower at phases 1 and 4. On the other hand, the first peak at phases 1, 3 and 4 for the spiral speed higher than 0.73 rad/s is always greater than the non-spiral case, and at phase 2 it is significantly lower. However, towards the further downstream as the spiral effect found on the velocity field is less prominent, the wall shear stress eventually stabilises into a constant value. Fig. 8 also reports that the spiral effects on the wall shear stress for Re=1000 are mild and the pattern is very similar to that of the non-spiral flow.
The effect of the spiral speeds on the separated blood flow from the throat of the stenosis is more clearly visible in Fig 9, where the pathlines, coloured by the particle ID, are plotted for the different spiral speeds whilst Re=500. The recirculation region and the structure of the In the final figure, Fig. 11 , we examine the effects of the spiral flow on the turbulence downstream of the stenosis. The production of the turbulent kinetic energy (k) for Re=500 is reduced with the increment of the spiral speed because the spiral laminar flow, which was prescribed at the inlet on the model, induces rotational stability of the forward blood flow downstream of the stenosis, Stonebridge et al. [10] . For the non-spiral flow, the result shows that the turbulence is over-predicted in the model, however, for Re=1000 no variation in the centreline turbulent kinetic energy found with the spiral flow as already reported in Fig. 5 that the streamwise velocity whose magnitude is much higher than the radial and tangential velocities is not largely affected by the spiral speed in this case. In order to get a significant effect of the spiral flow for Re=1000, one needs to increase the spiral speed at the inlet which may not be physiologically realistic.
Conclusion
The standard k-ω turbulent model is employed to investigate the effects of the spiral laminar blood flow through the model of a 75% stenosed artery. The "corkscrew" type flow patterns are observed at the downstream of the stenosis due to the spiral flow. For Re=500 the spiral flow increases the total pressure and velocity of the blood, and significant differences are found between the wall shear stresses of the spiral and non-spiral induced flows downstream of the stenosis. The results also show that the turbulent kinetic energy is reduced by the spiral flow as it induces the rotational stabilities in the forward flow. While for Re=1000, no significant difference is found in the centreline turbulent kinetic energy between the spiral and non-spiral flows and the effect is mild on the centreline shear stresses. However, the tangential component of the velocity is most influenced by the spiral flow and it is increased when the spiral speed increases.
As already mentioned, the spiral component of blood flow has both beneficial and detrimental effects in human circulatory system [1] . The results of the effects of the spiral blood flow through the stenosis, which are presented in the paper, are of great interest in the pathological context and have relevant clinical significances. For example, the rise of the turbulent kinetic energy in the post-stenotic region is responsible to cause damage to the blood-cell materials and to activate platelets in the blood, and subsequently, they create many pathological diseases (Ku [12] ). However, the results show that the spiral effect reduces the turbulent kinetic energy, which is a beneficial effect; but at the same time it produces oscillating wall shear stress in the post stenosis, which is a detrimental effect as the oscillating shear stress usually influence to cause potential damage to the inner side of a post-stenotic blood vessel, kwon as endothelium (Fry [16] ). In addition, the strong circulation seen in the post-stenosis due to the spiral effect is harmful as it can cause the blood to be clotted in the post-stenosis, which is a potential source of stroke.
The model studied in the paper is simplified by considering a rigid wall for the vessels. The future extension of this paper is to couple the spiral blood flow with the deformation of the arterial wall, which will certainly involve some significant challenges in simulation. As the spiral flow has potential clinical significance, therefore, we believe that this paper will have some significant impacts on the understanding of blood flow dynamics and its relevance in arterial diseases such as stenosed artery. Re=1000.
